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Summary
Self-fertile hermaphrodites have evolved independently
several times in the genus Caenorhabditis [1, 2]. These
XX hermaphrodites make smaller sperm than males [3, 4],
which they use to fertilize their own oocytes. Because
larger sperm outcompete smaller sperm in nematodes
[3–5], it had been assumed that this dimorphism evolved
in response to sperm competition. However, we show
that it was instead caused by a developmental bias. When
we transformed females of the species Caenorhabditis
remanei into hermaphrodites [6], their sperm were signifi-
cantly smaller than those of males. Because this species
never makes hermaphrodites in the wild, this dimorphism
cannot be due to selection. Instead, analyses of the related
nematode Caenorhabditis elegans suggest that this dimor-
phism might reflect the development of sperm within the
distinct physiological environment of the hermaphrodite
gonad. These results reveal a new mechanism for some
types of developmental bias—the effects of a novel phys-
ical location alter the development of ectopic cells in
predictable ways.
Results and Discussion
Most nematode species are gonochoristic—they produce XO
males and XX females [7]. The males make small, round sper-
matids that activate following mating, extend pseudopods,
and crawl toward the spermathecae of the female, where
they compete to fertilize oocytes. However, some species
have evolved an androdioecious mating system, with XO
males and self-fertile XX hermaphrodites. In these species,
the hermaphrodites make spermatids late in larval develop-
ment and then permanently switch to the production of
oocytes. In almost all respects, the male and hermaphrodite
sperm from these species appear identical [8]. However, one
trait is sexually dimorphic—the male sperm are much larger
than those of hermaphrodites [4].
Artificially Produced Caenorhabditis Hermaphrodites
Make Smaller Sperm Than Males
To study the characteristics of sperm in species that do not
make hermaphrodites in the wild, we used RNA interference
(RNAi) to manipulate the sex-determination pathway to induce
spermatogenesis in XX individuals. InCaenorhabditis elegans,
tra-2 activity blocks both male development and spermato-
genesis [9], so it must be repressed in the germlines of XX
hermaphrodites to allow spermatogenesis to occur [10–12].*Correspondence: ron.ellis@umdnj.eduAlthough Caenorhabditis remanei uses a male/female mating
system in the wild, we found that knocking down tra-2 activity
with a dilute dose of double-stranded RNA (dsRNA) causes
some XX animals to develop as pseudohermaphrodites [6].
These animals have female bodies but produce sperm when
they are young and then switch to oogenesis during adult-
hood. Their sperm do not self-activate unless a second
gene, swm-1, is also targeted.
The androdioecious nematodes that had been studied
previously all have sexually dimorphic sperm—those from
males are much larger than those from hermaphrodites [4].
To characterize the sperm produced by C. remanei pseudo-
hermaphrodites, we isolated them by dissection (Figure 1A).
The spermatids appeared normal and could be activated by
pronase [6]. However, they were smaller than those from
C. remanei males (Figure 1). Sperm from pseudohermaphro-
dites of the SB146 strain had an average cross-sectional
area of 22.5 mm2, which was significantly smaller than that
of male sperm (average 41.6 mm2, p < 10214, Mann-Whitney
U test). We found a similar dimorphism for strain PB4641
(average 35.2 mm2 versus 49.2 mm2, p < 1028). Furthermore,
when we constructed pseudohermaphrodites from another
Caenorhabditis species, C. sp. 9, they also produced smaller
sperm than related males (average 15.7 versus 38.6 mm2,
p < 10211). Thus, male/female species of Caenorhabditis are
predisposed to make sexually dimorphic sperm. Because
the XX animals do not make sperm in the wild, this trait cannot
have been produced by selection.
The Hermaphrodite Soma and Germ Line Cooperate
to Nurture Small Sperm
The regulatory genes that control sexual development are best
known in the related nematode C. elegans [13]. Thus, to learn
why nematodes are predisposed to make sexually dimorphic
sperm, we studied C. elegans sex-determination mutants
(Figure 2).
First, we examined the relationship between X chromosome
dose and sperm size. In the wild-type, XX animals are her-
maphrodites and XO animals are males, but this relationship
can be altered by mutations that perturb the sex-determina-
tion pathway [14]. For example, tra-2; xol-1 XX animals
develop as perfect males [15]. These tra-2; xol-1 XX males
made sperm that were about the same size as those from
wild-type XO males (x = 27.8 versus 24.0 mm2) but were
much larger than sperm from XX hermaphrodites (x =
13.5 mm2). Moreover, tra-2 XX pseudomales [9] gave similar
results. By contrast, her-1 XO hermaphrodites [16] produced
sperm that were almost as small as those of wild-type XX
hermaphrodites (x = 15.3 versus 13.5 mm2). Thus, the ratio of
X chromosomes to autosomes plays a minimal role in speci-
fying sperm size. Instead, sperm size is highly correlated
with the somatic sex of the animal.
Next, we examined XX animals that had a female body
but a male somatic gonad (Figure 2). These worms were
produced using a hs::tip-1 construct (D. Zarkower, personal
communication). Their sperm were larger than those of
wild-type hermaphrodites (x = 16.7 versus 13.5 mm2) but also
smaller than sperm from wild-type males. Thus, the somatic
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Figure 1. Caenorhabditis remanei Is Predis-
posed to Make Sexually Dimorphic Sperm
(A) Photomicrographs of sperm that had been
isolated from dissected animals and activated
with pronase. In these differential interference
contrast (DIC) images, the cross-sectional areas
of the sperm were calculated using Zeiss
AxioVision software.
(B) Histograms showing the size of sperm iso-
lated from individuals of the indicated species
and sex. In both panels, the symbol J stands
for ‘‘pseudo.’’ For each genotype, ‘‘n’’ indicates
the number of sperm that were measured, and
these sperm were isolated from at least three
different individuals. The sizes of sperm pro-
duced by males and hermaphrodites were com-
pared using the Mann-Whitney U test [42].
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1417gonad can influence sperm size but does not act alone to
determine it.
What other tissues might be important? The intestine is
a major site for protein synthesis in worms and can affect the
germ line [17]. For example, the hermaphrodite intestine
secretes yolk protein, which is taken up by developing oocytes
[18]. Thus, we examined sperm from XO mab-3 mutants (Fig-
ure 2), which develop a hermaphrodite intestine but retain
a male somatic gonad [19]. Their sperm had an average size
of 19.4 mm2, which was significantly smaller than wild-type
male sperm (average 24.0 mm2). Taken together, these results
imply that the somatic gonad and intestine cooperate to
nurture larger sperm in males.
Because these somatic effects were not large enough to
explain the magnitude of the sexual dimorphism on their
own, we examined the influence of oogenesis on sperm size,
because hermaphrodite nematodes begin producing oocytes
before some germ cells have completed spermatogenesis.
First, we studied fem-3(q96ts), a gain-of-function mutation
that causes XX animals to make sperm throughout their lives
[20]. These XX mutants made sperm with an average size
of 16.8 mm2, which was about 25% larger than normal
hermaphrodite sperm (Figure 2). We observed similar results
with anothermutation that prevents hermaphrodite oogenesis,
gld-1(q93Mog) (Figure 2). Finally, we studied animals with
male bodies, by comparing sperm from tra-2; xol-1 XX males,
which make only sperm, with those of tra-1 XX males, which
also produce oocytes [21, 22]. As we had predicted, the tra-1
XXmales produced smaller sperm (22.5 mm2 versus 27.8 mm2).
Thus, sperm that develop in a germline that has initiated
oogenesis are smaller, regardless of the somatic sex of the
animal. Perhaps developing oocytes compete with spermato-
cytes for resources.Both Male and Hermaphrodite Sperm
Have Decreased in Size in
Androdioecious Species
Since the pioneering studies of LaMun-
yon and Ward [4], the phylogeny of
Caenorhabditis has been refined (Fig-
ure 3A) andnewspecies havebeen iden-
tified. Moreover, recent studies have
shown that hermaphroditism evolved
independently in C. sp. 11, as well as in
C. elegans and C. briggsae (K. Kiontke,
M.-A. Fe´lix, M. Ailion, and D.H.A. Fitch,
personal communication). We foundthat sperm in C. sp. 11 hermaphrodites were much smaller
than those of related males (Figure 3B), confirming that all
androdioecious species in this groupmake sexually dimorphic
sperm. Moreover, the sperm produced by males in each an-
drodioecious species weremuch smaller than those produced
by males from any of the gonochoristic species (Figure 3B).
Thus, not only was the ancestral species of the elegans group
gonochoristic, its males must have produced large sperm.
Selection and Developmental Biases Cooperate to Specify
Sperm Size in Nematodes
Based on these results, we propose the following scenario for
the evolution of sperm size in androdioecious nematodes
(Figure 3C). First, newly evolved hermaphrodites produce
smaller sperm than related males because of a developmental
bias. Genetic tests imply that the cause of this bias is the
inability of the hermaphrodite body and germ line to nurture
the robust growth of sperm seen in males (Figure 2). Next,
selection acts to decrease sperm size in both sexes, because
sperm from androdioecious males are smaller than those
from males in other species (Figure 3B), and sperm from
established lines of androdioecious hermaphrodites are
much smaller than those made by C. remanei XX pseudoher-
maphrodites (Figure 1). If males were undergoing sperm
competition with each other, selective pressure should not
act directly to decrease male sperm size, because larger
sperm are more competitive [3–5]. However, hermaphrodites
appear to be under selective pressure to cease spermatogen-
esis early so that they can begin oogenesis and reproduction
as soon as possible [23]. Thus, selection might cause a further
decrease in hermaphrodite sperm size so that they can pro-
duce themaximum number of sperm in the brief time available.
If so, the size of male sperm might decrease as well, either
Figure 2. In Caenorhabditis elegans, Somatic Tissues and the Germ Line Cooperate to Specify Sperm Size
Histograms showing the size of sperm isolated from individuals of the indicated genotype and sex. Each strain is described in Table S2. Data for wild-
type hermaphrodites are shaded pink and those for males are shaded blue. Genotypes that make larger sperm than hermaphrodites but smaller than
males are lavender, and genotypes that make larger sperm than normal males are shaded maroon. For each genotype, 97 sperm were measured,
and these sperm were isolated from at least three different individuals. The size distributions were compared to those of wild-type hermaphrodites in
one set of assays and to wild-type males in another, using the Mann-Whitney U test [42], with a correction for the false discovery rate due to multiple
comparisons [43].
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matogenesis in both sexes [8] or because males become so
rare that they are no longer in competition with each other,
which might favor the production of smaller sperm that are
just large enough to outclass those of hermaphrodites.
Ectopic Expression of Regulatory Programs Explains
Some Developmental Biases in Evolution
Most analyses of developmental bias have focused on a nega-
tive trait—the ability of developmental processes to limit the
types of variation that are present in a population and available
to be sifted by natural selection [24–26]. In these analyses,
mutations occur randomly, but they map onto a distorted
range of variation around the population norm, with some
phenotypes rare or absent. Thus, the developmental laws
that result in the absence of these phenotypes constrain the
course of future change. Data fromwild populations of stickle-
backs suggest that the phenotypic variation in a population is
indeed related to long-term patterns of evolutionary change
[27], and similar phenomena have been measured in popula-
tions of nematodes in laboratory studies [28]. As shown by
our work, development also influences evolution in additional
ways.
In total, three developmental mechanisms might affect the
evolution of sperm size in nematodes. The first is so com-
mon that it is often ignored when discussing developmentalbiases—hermaphrodite nematodes have appropriated the
use of genes that regulate spermatogenesis in males [8].
This pattern is the mirror image of the developmental con-
straints discussed above, because the ability to reuse existing
regulatory programs in new contexts can generate very
specific types of variation. It could involve the duplication
and divergence of regulatory genes, as occurred with F box
proteins in nematode sex determination [29] or the alteration
of cis-regulatory sequences in target genes, such as those
that control sexually dimorphic color patterns in Drosophila
[30]. The fact that specific programs are available in some
phylogenetic lineages but not others should bias the course
of evolution and could explain why some groups evolve traits
like self-fertility on repeated occasions, whereas other groups
do not.
Second, the size of sperm in androdioecious males has
decreased over time, even though data suggest that selection
should favor males with larger sperm. This result implies that
selection for smaller sperm in hermaphrodites might indirectly
result in smaller male sperm. Such a correlation in growth was
discussed by Darwin and was described in one of the most
famous examples of developmental bias—the decrease in
the number of digits following selection for smaller size in
amphibians [31].
Third, the ectopic expression of developmental programs
occurs, by necessity, in novel settings. Thus, the new cellular
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C. sp. 9 (JU1325) large
XX sperm
C. sp. 5 (JU727) large
C. remanei large
C. brenneri large
C. sp. 10 (JU1333) large
C. japonica large
C. elegans medium small
C. sp. 11 (JU1473) medium small
C. briggsae medium small
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Figure 3. In Caenorhabditis, Sperm Size Has
Decreased in Both Androdioecious Sexes
(A) Most recent phylogeny ofCaenorhabditis [44].
The new species 9, 10, and 11 have not yet been
described, but species 11 evolved self-fertile
hermaphrodites independently from C. elegans
andC. briggsae (K. Kiontke, M.-A. Fe´lix, M. Ailion,
and D.H.A. Fitch, personal communication).
(B) Summary of sperm size in members of the
elegans group. Large > 30 mm2, medium > 20 mm2,
and small < 20 mm2 cross-sectional area. Data are
presented in Table S3.
(C) Model for the evolution of sperm size in andro-
dioecious species. The rectangular insets show
sperm, colored pink for hermaphrodites or blue
for males.
A Developmental Bias Determines Sperm Size
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predictable ways. For example, our data suggest that sperm
made in hermaphroditic nematodes are predisposed to
smaller size, because hermaphrodite tissues are not adapted
to nurture the growth of larger sperm. Because the ectopic
expression of developmental programs is common during
evolution, we anticipate that this type of bias will prove to be
a frequent factor in evolutionary change.
Alberch and Gale showed that experimental studies in
comparative systems were the best way to identify develop-
mental biases [31]. Given the rich array of resources now
available for studying Caenorhabditis, Drosophila, and other
groups of species, we have entered a golden age for decipher-
ing the rules by which development controls phenotypic
variation and adaptation.
Experimental Procedures
Nomenclature
We use the standard genetic nomenclature for C. elegans described by
Horvitz et al. [32]. However, C. remanei XX animals are females, because
they produce oocytes but do not make sperm. We call C. remanei XX
animals that have a female body but make both sperm and oocytes
‘‘pseudohermaphrodites.’’
Strains
The wild-type androdioecious strains were C. elegans N2 [33], C. briggsae
AF16 [34], and C. sp. 11 JU1473 (M. Felix, personal communication).
The gonochoristic strains were C. remanei SB146 [35], C. remanei PB4641
(M. Felix, personal communication), C. brenneri CB5161 [36], C. sp. 5 JU800,
C. sp. 9 JU1420, C sp. 10 JU1333 (M. Felix, personal communication),
and C. japonica DF5098 [37]. The C. elegans mutations were him-1(e879)
[38], dpy-10(e128) [33], mab-3(e1240) [19], tra-2(e1095) [9], tra-2(ar221)
(J. Hubbard, personal communication), unc-4(e120) [33], tra-1(e1099) [22],
fem-3(q93gf,ts) [20], him-5(e1490) [38], her-1(e1518) [16], xol-1(y9) [15],
and ezEx18[Hs::tip-1(+); rol-6(dom)] (D. Zarkower, personal communica-
tion). Complete genotypes for each experiment are listed in Table S2. The
C. briggsaemutation tra-2(nm1) [39] gave results that were similar to those
for C. elegans (see Table S3 available online). Animals were raised on agar
plates on E. coli AMA00004 at 20C, unless noted otherwise.
RNA Interference
The primers listed in Table S1 were used to amplify templates by PCR.
Each template was flanked by T7 promoters. We used the MEGAscript Kit(Ambion) to transcribe each template and al-
lowed the two RNA strands to hybridize at 37C.
The RNA was then purified using a MEGAclear
Kit (Ambion). Purified products were confirmed
by gel electrophoresis and the RNA concentra-
tionmeasuredbyultraviolet irradiation (UV) spec-
troscopy. Each double-stranded RNA wasinjected into the gonads of young adult females [40]. These animals were
then allowed to recover and mated with wild-type males, and their progeny
were examined for mutant phenotypes.
Heat Shock
L4 larvae were picked to a plate and allowed to lay eggs at 20C for 48 hr.
The larvae were then shifted to 35C for 15 min and returned to 20C. Two
to three additional heat shocks were applied at 12 hr intervals. Control
hermaphrodites and males were also subject to heat shocks, after which
the average size of hermaphrodite sperm was = 13.3 mm2 (standard devia-
tion [SD] = 2.0, n = 36) and of male sperm was = 23.7 mm2 (SD = 3.7,
n = 46). Neither of the values differed from non-heat-shocked controls,
and both differed significantly from hs-tip-1 sperm.
Sperm Size
Animals were placed in a 10 ml drop of spermmedia that had been prepared
for sperm activation [41] and dissected using sharp 18G needles. Young
males were sliced across the vas deferens to release their spermatids
into the media, whereas hermaphrodites were cut open through the
spermatheca. After 5 min, slides were examined by differential interference
contrast (DIC) optics, and pictures of fields of sperm were taken. The
cross-sectional area of the sperm was measured using Zeiss AxioVision
software.
Supplemental Information
Supplemental Information includes three tables and can be found with this
article online at doi:10.1016/j.cub.2011.07.034.
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